Abstract: A four phase model air/glass/indium doped tin oxide/TiO has been studied by modifying Rouard's model to calculate the nal transmittance from TiO layer to be used as photoanode in dye-sensitized solar cells. An optical simulation for the re ectance and transmittance has been executed for the constructed nanocrystalline TiO lms. To validate the theoretical results TiO lm has been deposited onto indium doped tin oxide (ITO) layer by sol-gel dip coating technique. It has been found that the incident light su ers losses by 5-15% on passage through TiO coated ITO layer. Experimentally it has been observed on the basis of eciency value that meso-nano combination is the best candidate to be used as photoanode in a dye-sensitize solar cell.
Introduction
Regenerative dye-sensitized solar cells (DSSC) based on TiO photoanode have attracted a substantial attraction of the researchers because of its high potential, optimum cost to performance ratio and long term durability [1, 2] . Dye-sensitized solar cells work exactly in the similar manner to photosynthesis mechanism in plants [3] [4] [5] . Meliorations in DSSC performance have been associated with improvements in dye tethering, electrolyte composition and electrode syllable structures [6, 7] . Better electrode morphology enhances the rate of electron di usion or decays the rate of recombination process with electrolyte. Thus, light absorption and transmission from a semiconducting (TiO ) lm is a core step in energy harvesting process. Therefore, a transmission spectrum is of great importance.
A lot of literature is available reporting transmission through TiO layer but theoretical part needs more exploration and theoretical study of optics behind transmittance of TiO lm will de nitely lead to the better understanding and development of the potential photoelectrochemical systems [8] [9] [10] [11] . The presented article deals with the optical simulation of light through TiO thin lm working as photoanode in a dye-sensitized solar cell and the obtained results have also been veri ed experimentally. 
Theoretical analysis
Rouard's modelling starts with Fresnel re ection coe cient r , at the interface between the air with complex refractive index n and next layer with complex refractive index n and so on up to the last layer. In general, one can say that re ection coe cient of x th layer is rx. Then e ective Fresnel re ection coe cient from layer 1 can be expressed as [12, 13] 
Here r and r are the Fresnel re ection coe cients at the interface between layer 1 and layer 2. Phase change on traversing the layer 1 is given by 2ϕ .
Also,
Here λ is wavelength of incident light, d is the thickness of the rst layer and θ is the angle to which light is incident to the rst layer. If the Fresnel re ection coe cient R is gazed as Fresnel re ection coe cient of the system containing layers 1 and air, the e ective Fresnel re ection coe cient from layer 2 can be written as
Using the systematic arrangement shown in Figure 1 , the above procedure can be generalized as
If the layer does not absorb light, kx becomes zero and thus, only the real part of the refractive index can be considered for the calculations. For convenience, we have assumed that incident light is falling normal to the surface of the lms that is θx =0. However, optical attenuation is always present in the system because of inhomogeneity in the lm thickness, roughness of the surface, density uctuations. For the correlation in the theory and experiment, the TiO lm thickness d has been varied using the relation given below [14] 
Here, dav is the average thickness of the TiO layer and ∆d is the variation in thickness. Re ectance and transmittance from the system of x layers are given by [10, 11] 
Here A ∼x is absorption of the system from layer 1 to x. In the present case, it is assumed that A originates for TiO layer only when A for other layers is approximately zero. The transmittances in both the cases (experimental and theoretical) display a vibrating pattern because of interference between the incident and re ected light. Simulation has been performed by using the parameters obtained experimentally viz. lm thickness (dav) = 12.3 µm and lm roughness (∆d) = ±1 µm. Figure 2 clearly indicates a well agreement of theoretical and experimental results.
The refractive index for the nanoparticles lm is calculated by using the relation
Here n b is the refractive index of bulk TiO (say 2.10), P is the porosity value (40.4 in the present case) and nv is the refractive index of the void lling material that is electrolyte (1.344 for acetonitrile).
In this way, presented simulation can be applied to measure the incident light loss for the development of DSSC panels.
Experimental
20mL of titanium tetra isopropoxide (TTIP) has been poured in a ask and 120mL of 0.1M HNO has been mixed drop wise under vigorous stirring for half an hour. The solution has been stirred at 80
• C for 10 hours.
After distributing the solution in two parts, one ask has been put in microwave at 180
• C for 5 minutes and 1.25 mL of isopropanol has been mixed in other ask solution and stirred the solution for 30 minutes at room temperature and then kept at 150
• C for 6 hours. 14.8% poly ethylene glycol (PEG) has been added in both of the solutions and stirred for homogeneous mixing.
The stirring of the solution has been carried out until it reached at room temperature before coating and then deposited on indium tin oxide (ITO) coated glass plates using dip coater (MTI Corporation) at a dipping rate of 8cm/min kept there for 10 minutes and removed at the same rate followed by drying at 125
• C for 1 hour. Finally, calcination of one lm has been executed at 250
• C and other at 550
To fabricate dye-sensitized solar cells, the deposited lms have been kept dipped in N719 dye solution overnight. 0.5 M lithium iodide (LiI), 0.05 M iodine (I ) in acetonitrile solution has been sandwiched in between the two electrodes to disperse completely. Figure 3 displays the pictures of mesoporous nanocrystalline anatase and rutile based DSSCs. 
Conclusions
The presented optical simulations furnish an important implication on the output of dye-sensitized solar cells. The results divulge that transparent TiO deposited indium tin oxide (ITO) signi cantly over-estimates the incident light losses by 5-15%. It is proposed that mesoporous lm is suitable to reduce incident light losses. Pure phase nanocrystalline mesoporous anatase and rutile lms have been synthesized by a simple modi cation in sol-gel hydrothermal process. It has been found that nanocrystalline mesoporous anatase DSSC has a higher e ciency (6.6%) than that of rutile based cell (4.8%). It is inferred that nanocrystalline mesoporous anatase based dye-sensitized solar cell is a better choice for a competent PV market. In future e orts will be made to enhance the performance of meso-nano anatase lm.
